Introduction
Amblyopia, impaired vision in one or both eyes, affects up to 5% of the population. 1 Patching of the eye with better vision is the principal treatment for unilateral amblyopia, combined with full-time wear of any appropriate spectacle correction. 2, 3 Compliance with patching, which is essential to success, [4] [5] [6] [7] has proven problematic for up to 59% of children and their families. [8] [9] [10] [11] [12] [13] [14] Patching can cause social stigma, and have a detrimental impact on family, school, and social life. 12, 15, 16 Although most of the treatment effect probably occurs within the first 120-200 h or 6 weeks of patch wear, 17, 18 in normal clinical practice, patching can continue for many months or years, 17, 19 placing considerable demands on the child and family.
A computer-based virtual reality system (interactive binocular treatment (I-BiT) system) has been developed by a multidisciplinary group from the Queens Medical Centre in Nottingham and the University of Nottingham, 20 and piloted on amblyopes in both Nottingham 21 and Glasgow. The results for the Glasgow Pilot Study are reported here. The study aimed to assess the effect of this treatment on high-(HCVA) and low-contrast visual acuity (LCVA) in older amblyopes who had failed to respond to or comply with occlusion.
Methods
The technical details of the computer-based treatment system (the I-BiT system) and the stimulus used in the current study are reported elsewhere. 20 Virtual reality invokes a three-dimensional image in those with normal binocular single vision (BSV) by stimulating both eyes simultaneously. The Nottingham study 20 included children with abnormal BSV and suppression, and all of these perceived the images projected to both eyes, but it is not known whether images were perceived in depth. The only technical difference for the current study was in delivering the binocular stimulus via a V8 head-mounted display from Virtual Research (Figure 1 ). This allowed inter-pupillary distance (IPD) adjustment during calibration. Calibration confirms superimposition and sensory fusion using images projected to either eye, similar to those used with the synoptophore.
Children attended 11 weekly sessions (Table 1) : eight 'treatment' and three 'assessment' only, with subsequent follow-up 1 and 4 weeks after stopping treatment, with an additional final follow-up (range: 3-18 months, median 8 months).
Treatment composed of two components:
(i) Twenty minutes watching a video-clip, the detail being viewed by the amblyopic eye. The fellow eye viewed the surrounding frame, which incorporated four individually coloured squares at the top, bottom, left, and right of the screen, whose colour changed at regular intervals. The examiner asked the child to report the colour changes of the four dots as they occurred, to check that both eyes perceived the images simultaneously. (ii) Five minutes playing an interactive driving game, with the detail of the visual scene split between the two eyes. The child drove the car around the circuit using a joystick, and was encouraged to pick up 'tokens', half presented to the amblyopic eye and half to the fellow eye. Superimposition of the images to the two eyes is necessary to appreciate the entire visual scene of the game, and on questioning, this was the case for all of the current cohort. If one eye is suppressed, part of the visual scene projected to the Figure 1 Virtual reality headset. High-and low-contrast log MAR visual acuity (VA) were assessed with the log MAR crowded test 22 before and after each treatment session. The low-contrast version had a contrast level of 21%. Binocularity/suppression was assessed to monitor the risk of diplopia prior to each treatment. This was achieved by means of Bagolini glasses, measurement of the fusion range for those with BSV, or assessment with the Sbisa bar for those with suppression. Where suppression density fell below the arbitrary level of 10, treatment was stopped. This occurred for three children.
Assessment sessions comprised of a detailed orthoptic assessment, which included VA assessment, cover test, assessment of BSV/suppression, including density of suppression with the Sbisa bar, and fixation using an ophthalmoscope with a fixation graticule.
Inclusion criteria
Children were recruited from the Orthoptic Department at Gartnavel General Hospital, all were registered under the care of one consultant paediatric ophthalmologist GN Dutton. Written parental consent was a pre-requisite of enrollment. The study was according to the Helsinki Declaration II for human experimentation and approved by the Hospital Research Ethics Committees.
The criteria for inclusion in the study were:
Non-organic amblyopia, pathology having been excluded by a detailed ophthalmic investigation, which included dilated ophthalmoscopy. Full cycloplegic spectacle correction worn full-time for X18 weeks, 3 with last cycloplegic refraction within the last 12 months. An interocular acuity difference of 0.2 log units (eight letters) or greater, assessed with the log MAR crowded test. Amblyopia is defined as an interocular difference of at least 0.1 log units (four letters) with this test. 23 Prior failure to respond to or comply with occlusion, but no occlusion attempted in the past 3 months. Age X6 years to ensure co-operation with the treatment and detailed visual assessment. stable VA over a minimum of the past two visits, consistent with the repeatability of the log MAR crowded test. 24 
Outcome measures
These followed two of the recommendations of the monitored occlusion treatment in amblyopia study group. 25 1. High and low-contrast VA for the amblyopic eyes at 1 and 4 weeks and HCVA at a final visit after stopping treatment. A change in log MAR VA of 0.125 log units (five letters) is consistent with a treatment effect for this test. 24 2. Interocular acuity difference that represents the amount of residual amblyopia.
The VA data were analysed using non-parametric statistics (Wilcoxon signed-rank test (WSRT)) as the data were paired and did not follow a normal distribution.
Median values are quoted due to the small group size.
Study group
The study group comprised 12 children, 6 females and 6 males, ranging from 6.1 to 11.4 years (median 8.2). Five of them had failed to comply with prescribed occlusion and the other seven failed to respond to occlusion. Their details are shown in Table 2 . The amblyopia category was either strabismic (n ¼ 5) or mixed, that is a combination of anisometropic and strabismic (n ¼ 7). Starting VA for the amblyopic eyes ranged from 0.350 to 0.875 log units with interocular difference of 0.3-1.0 log units (12-40 letters).
Results

Amblyopic eye VA
By 1 week after stopping treatment (visit 11), HCVA had improved in 9 of 12 amblyopic eyes (75%) (Figure 2 , range: 0.125-0.35 log units), WSRT Z corrected for ties À3.06, P ¼ 0.002. For two of these children, amblyopia was eliminated, based on both uniocular VA and interocular acuity difference (o0.1 log units, ie o4 letters). Changes for the fellow eyes are shown in The number of treatments to achieve best HCVA and LCVA varied from 2 to 8, with improvement tending to be slightly slower for LCVA (median 7; HCVA median 5).
Prior to treatment, clinical testing confirmed abnormal binocular single vision (ABSV) in eight children and suppression in the other four children (Table 3) . In seven children, the diagnosis was microtropia, a diagnostic feature of which is ABSV. The other child with ABSV had a deviation of 16 prism dioptres (pd) at near and 10 pd at distance. Suppression density reduced transiently to below filter 10 in three children (nos. 2, 4, 8) during the initial treatment block, necessitating ending the treatment. One of these (no. 4) was resumed after two visits, once suppression density had increased again to an acceptable level. Following treatment, one patient converted from microtropia with ABSV to normal binocular single vision (NBSV) (no. 5). In others, binocularity remained unchanged.
For those with BSV prior to treatment (n ¼ 8), there were significant changes in near or distance fusion ranges. The median value for near fusion range increased from 24 (range: 14-41) to 29.5 pd (range: 14-48), and for the distance range from 12 (range: 2-32) to 20 pd (range: 8-36). For four individuals, there was an increase in range of more than 10 pd.
The median stereoacuity value reduced from 400 (range: 1980-110) to 200 s of arc (range: 1980-110). Individual changes can be seen in Table 3 . Anecdotally, most children commented that they enjoyed the treatment and in those who improved, parents commented that there had been an improvement in performance at school, and reading abilities. Weekly attendance did not prove a problem to any of the parents.
Discussion
Our findings accord with those of the Nottingham group pilot study. 21 Seven of 12 children (58%) achieved sustained improvements in high-and low-contrast VA in response to treatment using the I-BiT system, and for two children (17%; both with mixed amblyopia), amblyopia was eliminated. Although VA changes were modest, they occurred for a group of children for whom conventional treatment had failed and who were outwith the optimal period of visual plasticity. Mean and maximum improvements in high-contrast VA at the end of treatment were smaller for our group (mean 0.177 log units; maximum 0.350) than for the Nottingham pilot (0.271 log units; 0.550). Age differences could be the reason since all of our subjects were over 6 years, compared with only two of the six Nottingham children. Age clearly does not, however, preclude treatment benefits, since those with sustained improvements in vision ranged from 7.3 to 11.4 years, and occlusion success in older children/adolescents is well documented. [26] [27] [28] [29] [30] Statistical significance disappeared after 1 week posttreatment when assessing residual amblyopia vs the amblyopic eye outcome alone. This reflects not only regression for some amblyopic eyes, but also 
Subject Number High Contrast logMAR VA -Fellow Eyes and Snellen Equivalents
Pre-Treatment Week 11 Week 15 Final Figure 3 Changes in high-contrast log MAR VA (HCVA) for the fellow eyes with treatment.
Pilot of computer-based amblyopia treatment M Cleary et al improvement for some fellow eyes. This highlights the importance of reporting results for both eyes. How do the results compare to occlusion? Recent studies of new amblyopes have found average improvements of 0.24-0.58 log units with occlusion worn over a maximum of 4 months for children up to 7 years. 6, 7, [31] [32] [33] These are comparable to the Nottingham pilot study.
Although for most children, both low-and highcontrast VA improved, the amount and rate of improvement were rarely concordant. Low-contrast VA tended to change more slowly than HCVA, which is similar to the findings of an occlusion study. 34 This new treatment offers hope for an enjoyable alternative to occlusion for many children. The time course of treatment effect for the I-BiT system offers great advantages over occlusion (100 min of I-BiT over p8 weeks vs a minimum of 120-200 h of occlusion over several months), although this needs to be defined in a larger group. A reduction in the number of hospital appointments over which treatment is undertaken has potential cost benefits to the National Health Service, which could be balanced against the cost of the equipment. It removes the compliance issue at home/school by undertaking treatment on an out-patient basis. It also avoids the costly practice of admitting Eye persistent non-compliers to hospital for occlusion enforcement. 35 The system is not risk-free. As with occlusion in older children, the risk of overcoming suppression, resulting in diplopia, must be monitored closely using a Sbisa bar. This is illustrated in the three children in our study who manifested a temporary reduction in depth of suppression, but none complained of diplopia at any time.
The theoretical implications are intriguing, since the putative underlying mechanism of the treatment differs from conventional occlusion by maintaining and encouraging binocularity, and by including a hand-eye coordination task. Since the treatment involves binocular stimulation, an effect on BSV might be expected. One child did convert from ABSV with microtropia to NBSV, and some individual improvements in fusion range and stereoacuity were observed. To test the significance of any treatment effect on BSV, a stringent protocol is necessary, as well as normative data on the repeatability of fusion and stereoacuity measurements. Sustained improvements in VA were not confined to those with BSV on clinical testing. Adjustment of the IPD as part of the equipment set-up, is likely to have favoured BSV. In effect, this corrected for the subjective angle of deviation in a similar way to the synoptophore, so stimulated corresponding retinal areas, and moved the image viewed by the amblyopic eye outwith any suppression area. The large field stimulus is also likely to have been advantageous to peripheral fusion, in line with the finding that retinal correspondence may remain normal in the peripheral field, while abnormal retinal correspondence co-exists in the central field. 36 The motion of the stimulus may also play a role in the therapeutic effect, by stimulating V1 via the magnocellular pathway. 37 A randomised masked controlled trial is now warranted, applying the treatment to previously untreated children, and further studies are needed to understand what aspects of the treatment work.
